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S U W W A R I  

Exict ing  coaputotione and l i q u i d / l r q u i d  nod01 
tcctc havo demonstrated the  ptncral zero-6 
equilibrium configuration of the Centaur upyrr- 
atago fual-tank u l lage .  Thir report contain. 
c a l c u h t i o n r  8nd rome dircu8aion of the a f f o c t  
o f  the  Conttr-Vsnt tub. on t h i o  ullage-bubble 
coafigqration.  Tbr equ i l ibr iur  8h.p  about a 
two-inch tuba i 8  ca1cuht.d.  I t  8ppt lrr  th8t  
tkt l iqoid/car interface  w i l l  be diep laced  about 
2.3 inches below the uppermost bubble surface. 
Because th in  e f f ec t  i s  so 8-11, it ia concluded 
t h a t ,  w i t h  certain restrictions discu6sed herein, 
the simple center tube w i l l  make a Frrctical vent. 
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1.0 INTRODUCTION: 

1.1 The p r a c t i c & l i t y  of a center v e n t  t o  r e l i e v e  t h e  exce.8 
p r e s o u r e  produced by bo i l -o f f  i n  t h e  Centaur  f u e l  t a d  
h a s  evoked conoiderable  thought  and d e l i b e r a t i o n .  Thi8 
d e v i c e  would c e r t a i n l y  8ave weight and be 8implcr  and 
more r e l i a b l e  t h a n  a c e n t r i f u g a l  a e p a r a t o r  t y p e  of ven t .  
But would i t  work? 

1.2 S i n c e  D r e  Ta Lit .  tlZcto-G1t paper ,  t h e  e x i s t e n c e  of a 
c e n t r a l  u l l a g e  i n  a tank of mal l -wet t ing  l i q u i d  i n  the 
absence  of g r a v i t y  has been g e n e r a l l y  accepted.  
.it wa8 f e l t  t h a t  t h e  a l l  w e t t i n g  l i q u i d  hydrogen would 
cove r  a v e n t  p i p e  in t h e  8ame manner t h a t  i t  covera t h e  
t a n k  wal.18. The development of t h e  two-liquid r o d e l a  
s t i m u l a t e d  renewed i n t e r e s t  i n  t h e  c e n t e r  vent.  It wae 
observed t h a t  wires or small tube8  cou ld  p i e r c e  t h e  
l i q u i d - l i q u i d  i n t e r f a c e  w i t h  w h a t  seemed t o  be a f i n i t e  
pucker.  Also it was no t i ced  t h a t  a wire loop  pushed 
a g a i n s t  t h e  s u r f a c e  formed a d e p r e s s i o n  which cou ld  be 
s t r e t c h e d  i n t o  t h e  u l l a g e  a s h o r t  d i s t a n c e .  Within a 
f e w  d iameters  t h e  d i s t o r t e d  ,surface necked down, became 
u n s t a b l e  and pinched o f f .  This r e p o r t  d i s c u s s e s  t h e  
ideas and t h e  mathematics gene ra t ed  by t h e s e  observa- 
t i o n s ,  

However, 

L i ,  Ta, Liquid Behavior i n  a Zero-G Field, 
Convair-Astronaut ics  Report  AE60-0683. 

, 
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200 ASSUMED CONDITIONS: 

2. 1 Certain coaditiom are necer~ary on rhieb to  b u o  
the  u t h e u t i c a  herein cont8incd. 
cero-6 condit ion ir asrumed, undirturbtd by rum 
m e k i n g  rockctr or other perturbation.. 
the h t a t  received i n t o  the tank i s  asauwd aot to 
taiae the wall  temperature appreciably, i r e . ,  tho  
walls are cvcrphere w e t o  And, thirdly, the bo i l ed  
o f f  gar i s  asnumcd t o  triter t h e  ullage quicrcently, 
without cruaing bubble& or other d i r t u r b n o r .  

The prtrrnco o f  r u l l  p8rturbrtionr ruclr 8& tho 
8un-rerkbng rockstr rill probably not  greatly 
influence the @enerr1 r e r u l t ,  but tho e f f e c t  a? 
major rotation8 of th8 rehlclo rbauld b8 studied 
further. The meehraicr 61 producing and tranm- 
porting gas in to  tho  ullage can make O r  break the 
center vent r y r t c ~  and rhould a h a  bo invert igrtod 
fur t hor . 

F1r.t 8 perfoct 

Secondly, 

202 In t h e  F ty l i t cd  Centaur considered h tre  t h e  center- 
vcnt tut.t extends alang t h e  tank center l i n e  from 
t k e  forward end to about the tar& etntero See 
Figurt lo 

FORM NO. A-70t-1 
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The pre8rur0, A 
b8twe.n t w o  f l u i  a cam b8 r e l a t o d  t o  tb. aurfmo 
curvature by tho f o l l o r i 4  oxpnmoiom 

mr08a t h o  i n t o r f a c i a l  8urfato r 3.1 

(1; 

Where Q 18 t h e  rurface t e n e l o n  and R 1  and Rz: -0 t h o  
p r i n c i p a l  r m d l i  of curva ture .  Thir gene ra l  r e l a t l o n  
cam be a p p l i e d  t o  t he  center v e n t  b u t  o n l y  w i t h  

cooding w i t h  the  fo rco  b a l a n c e  approach in paragraph 
i o O ,  r e v e r a 1  u r e t u l  piece8 o t  i n f o r u t i o n  8beuld br 
notedo  
ourtacc a t  p o i n t  of i n t e r c o t  and l i e  in plane8  perpomo 
d i c u l a r  t o  each other. 
these redid are e q u a l . v h i l e  for a cylinder one A 8  AD- 
finitto 

moveral P6.a Of mtickj. a lgebra .  8OW8V8r, b0f.r. m.l. 

F i r a t ,  R 1  and R2 &e porpoadicu1.r  te tho 

In t he  ea8e o? t h o  aph8re 

Equation (1) now m y  be rewritten for  the 
8pher8 a8 

and for the  cylinder.^, 

where dWand Re a r c  the related geometric radii. 



400 . FORCE BALANCE EQUATIONS; (See mble 1x1 

4.1 Point Solutionr; t 

Figure 1 show8 a e t y l i c t d  Centaur upptr- . tap fuel 
tank. I t  is 8 cyl inder of radiua rt containing two 
f l u i d 6 ,  fa the abstnct  of the center vent the fluid 
i n t e r f a c e  would be a hcriaphere wi th  radiue Rt (I rt) 
producing: 

The introduction of a "small" center vent of radiuo 
rv aifl d i s t o r t  t h ? s  heainphere; (ai8 d i e t o r t i o n  
and th e  v e n t  &:ZC arc exacrerated for c lar i ty  i n  the 
drarnng.) )or f i ra l l  distortions, foee9 a "CMll" vent.  
the di@ferentiaf prc&.eurc renaina approximately at  
it6 + v a 1 ~ . .  me two principal r a d i i  ot curvature 
.re IC s u r d  a6 follcrrr: 
an& R2 i n  a phncr perpendicular t o  t h e  paper. 

Ap * - 2 (2) 
Rt 

R1 In t h e  plane of the paper 

4 e 1 e 1  Near the Vent: 

A 6  t h e  surface approachee t h e  vent  R2 decrease8 t o  R v  
and R1 d F C r F a P F 8  t o  a valut j u s t  lese than t,b 
interfrrce apyroackes t h e  vent tangent ia l ly  with a 
radius  (Rj) at t h e  p o i n t  of  tangency very nearly 
equal to rVe 

The 

4.1-2 A t  t h e  Forward Point: 

A t  the ~ 0 6 t  forrzrd point (or circle, to be tXaCt) it1 
c c r t a i n f y  is  a f L n i t e  r a d i u s  but R2 has bceomt 
i n f i n z t e ,  Note t h a t  the  circle l e  in ODt p1.W 
( o b v i o u s l y ) ,  
Rf and its vaiuc &a 

&e eha l l  designate R1 a t  t h i e  point  u 

R t  a C I A ?  



Tho radi\us kt, o f  thie moat ?on.rd cirale $8 derived 
from tho geaoral fome balasco eqrratioa i n  paragraph 
4.a.a 

4.2.1 Tho vortical component. a t  the*fbrc*e rctlry om a 
portion of the in ter fac ia l  arface rill be equated to  
obtain the general 8urface equation. 
be =de t o  P l y r o  2, 
from the vent tube t o  an arbitrary r h  

Reference should 
The murfaee cea6idered exterda 

Where f 

r 

Fr A 8  the murfaee teaoion fercr meting 

d; i 8  the  angle between t h i a  fane rad 

i 8  the radiua of the r i m  

at the +iras 

the horizontal; 

Ap i 8  the  d i f f e r e n t i a l  pre88-8 1CCO.B 
the m f a C 8 ;  

. A i 8  the  ourfac8 u e a  w i t h i m  the rim 
projected onto a horirolrkl 
plane, u1 

im tbe mrrrface tension ferce a c t i n g  
along tbe  root tub.. Fv 



4 e o  FORCE BALANCE EQUATIONS: (CONTINUED) 

4.2 The Ctaeral Equation8 (Con t i su8d ) 

462.1 (Continued) 

Thi8 equat ion.uy be rewritten ae 

4a2r2 Now let UI digreoa f r o m  tht peaera1 rolutioa to 

( 4  ) m y  be rewri t ten 18 
, f i n d  the rf def ined l a  paragraph I e l r 2 .  Quatiom 

0 " 2 - r  
F* t 

% rf .in(.) + 
rt 



I---- 
- .  . . .  

! a 
CONVAIR k( ASTRONAUTICS 

1 
81rCrt I) 

J / i T G z T  

Algebraic aanipulation o f  t h i s  equation ritld8: 

I 

t o  1, 

dr 

The f u l l  significaoce of rt + 1 ril l  be l e f t  t* the 
rrthrprtiCianm for, am rill pr teent ly .be  @eeag it rill 
not affect the  fintl r e s u l t s  of t h i s  roporto However, 
the r a h o  
chaage ia O p  producod by the introduction of the rent1 
but, a m  w e  are fntoreatrd only i n  raluom o f  rt much 
greater than rv, t h i m  lack of rigidity ahould be 
acceptablo,  See paragraph 4010 

1 eomea from ro and i n  connected with  the 
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And 8 tom-by-tor. irtogratioo o f  the romult iu 
reriem. Ala outltno o? tbia proreem Am givon  bo,^.. 
mom oquatioa (4) 
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4.0 WRCE BALANCE EQUATIONS: (CONTINUED) 

4.2 The General Equation: (Continued) 
4.2.4 (Continued) 

8nd 

3 3  + +) + 0 0 0  3 + w r  
Therefore, * .  

+[g BOs 78 - I s  ( 7 )  r + O O o  

Now let c I 0 ,  r = 1 i n  equation ( 7 ) :  
0 - 2  r O  

FORM No. 1c7B2-1 



4 eo FORCE BALANCE EQUATIONS: (Continued)  

4e2 The General Equat ion:  (Contiauod) 

402.4 (Continued)  
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Nor, having  ovo l red  8 complox and cumber8omo equa t ion ,  
what do we do wi th  it? A 8  urual, make approximation., 
Wh8re r(< rt r e  may ure a 8 h o r t - t a i l e d  voraion oi 
equation ( 7 ) .  

Thir a c c u r a t e  t o  about  1% f o r  r 
Both ( 7 )  and ( 8 )  roduco t o  t 808hD1r f o r  i a f i n i t o  

I 60 8nd r < 12, 

i .0 .q A p aeroe 't * 

4.2.5 The numer ica l  c o n f i g u r a t i o n  of e q u a t i o n  ( 8 )  ia pre- 
s e n t e d  i n  Table  I and Figure 3 f o r  rt .I 60. Both t h e  
one-uni t  r a d i u 6  c i r c l e  and  t h e  i n v e r s e  cosh  curve are  
t a n g e n t  t o  t h e  vent - tube  wall at r t 1. Note, t o o ,  
t h a t  t h e  "most forward-poin t"  occur6  at  r i 7.8 as 
t h e  point s o l u t i o n  g iven  i n  paragraph  4.2.2 predict., 

4.2.6 It should  be remembered t h a t  in t h e  preceeding  develop-  
m e a t ' t h e  vent - tube  r a d i u s  is used as t h e  u n i t  of measure. 
For a g r e a t e r  r ( t h i s  means a smaller ven t  for a f i x e d  
t a n k  s ize)  t rill be numer ica l ly  greater because of t h e  
reduced  u n i t  of measure. HoWever, in terms of tank 
dirrcnsione,  d e c r e a s i n g  t h e  v e n t  t ube  eize rill reduce  

t 
f 

=f 
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PRYS XCAL Rlr,ALITYt 

t h o  prOCeOding u t h o u t i t a  h a w  beon leo8oly eoaaocted 
with  tho Centaur uppor a t h ~ o .  Although tho omet ai&* 
wont tub. ha. not yet boen eho8.n i t  ri l l  probably be 
nbout 1 inch f n  r a d i p ,  perhap8 amallore 
i n  of courae 60 inch.. i n  
of f u e l  remaining i n  any t w o - 6  poriod i 8  expected t o  
be about SO% and tho reclulting ulAago l a  an unmodlfiod 
tank ri l l  be a cy l lndor  cappod by two h o r i o p h o t o ~ .  An 
a l lun ion  r r i  mdo i n  patrgraph 4 , l  t o  an incroaaed 4 p  
producod b y  the  introduction of a vent tube and, w h i l e  
i t a  e f f e c t  on the uurfacr 8hrpe.libeut tha vont i8  
negli~iblo, a n s t h t t  e f f ec t  r i l l  bo probueed, 
effect i n  .to purh the u t l r p  a f t  u n t i l  the  i n t o t r r d l a t e  
bullrhoad dirtorta  the a f t  i n t e r l a c e  to euch an orteat 
a8 t o  produce li b 8 h n c i n g  A O f  eouf8e t h e  u80 o f  
rn ulla#e nupport rtructuro hSB),a8 ha8 br0n e u ~ g o r t o d  
rl~erhero,+ould complotoly orwrfdo t h h  o f f o e t o  

4, 

The fuel tank 
Tho maxim8 quantity 

Th@t 

'zhe quertion r a y  u i a o :  I t  U p  ret. o r e r y h o r o ,  what 
happen8 a f t  of t h e  tengent point on t h e  rent?  It 
appears that  the tuhc r i l l  be r e t  with the l i q u i d  bat 
t h a t  t h e  f i l m  r i l l  be only a few moleculcn th ick .  I t  
i a  cnneeivable that  i n  the period8 between r o n t i n p  
t h e  tube c o u l d  f i l l  and thus a "tube-full" would bo 
lost d w i n R  each vent cycle! .  f lo r rvero  asnuling 
the  abeurdiy high  value8 of 10-6 cm as the f i l m  thick-  
ntns and 1 cm/acc a8 the l i q u i d  v e l o c i t y ,  less than 
0-1 cubic CD w o u l d  be delivered t o  t h e  tube each hour' 
The t f f t t t  of cvaporatron/condtnsntion on filling the  
tube is beyond the  scope of t h i e  report but an eetiutto 
probably C R ~  be m d c  aaaiiyo 
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6 SO CONCLUSION: 

6 e 1  This r e p o r t  ha., we hope, d i s p e l l e d  any q u e a t i o n  of 
t h e  a b i l i t y  of a c e n t e r  vent t o  p e n e t r a t e  t h e  l i q u i d  
g a s  i n t e r f a c e  under t h e  c o n d i t i o n s  l i s t e d  in S e c t i o n  
2.0. The s u r f a c e  equatzon developed h e r e i n  i o  $or 'a 
a s p e c i f i c  case and c e r t a i n  approximation were, made; 
but t h e  g e n e r a l  r e s u l t  must be emphasized t h a t  a 
"small'' t u b e  p a s s i n g  through a n  i n t e r f a c i a l  s u r f a c e  
cau6c.s l i t t l e  d i s t o r t i o n  of t h a t  s u r f a c e ,  A l a r g e  
t u b e  (or  o t h e r  shape) c e r t a i n l y  w i l l  i n f l u e n c e  t h e  
t ank  c o n t e n t s  and t h e  Ullage Support  S t r u c t u r e  (USS) 
ic based on t h i o  e f f e c t .  

6,2 As mer:, r,eA ; : . - ~ ~ c u b l :  tcro major problem. have been I 
Agxiured. Tiley are t h e  major v e h i c l e  r o t a t i o n 6  and  
t h e  mechanics of ga6 production. 
General Dynamic s/As t ronau t ic6 groups are i n v e s  t i ga t ing  
r e l a t e d  areas i t  is probable t h a t  o n l y  a f u l l  Centaur  
f l i g h t  test  rill answer t h e  l a t te r  q u e ~ t i o n .  If n e i t h e r  

a most r e l i a b l e ,  l i g h t ,  and inexpens ive  v e n t  sgetcm. 

While 6ever.l 0 
I of these problems develop, t h e  c e n t e r  v e n t  should  rake 
i 
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T A B U  If 

NOMElUCUlUREr 

Variable. t 
L 

R s Wdiue of curvature 

r I Radial l o c a t i o n  from tamk (and vent tub.) centerline 

t t Distance forward i n  the  tank meamred parallel t o  the 
c e n t e r l i n e  and from t h e  point  o f  aurface/probc tangencr. 

F .: Fore. produced by rurface tonoion. 

Subrcrivt8r 

v Pertains to  the  out8ide 8urfaee of the vent  tube 

f Pertains t o  the  l l~bst  forward poiat  of t h e  interfacial 
8UTf&C8. 

t Perta ins  t o  thc inside s u r f a c e  of t h e  tank 

r Pertain,  t o  an arbitrary circular rimo 

I 
! 

- 1  
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